In clinical dermatology, the identification of subsurface vascular and structural features known to be associated with numerous cutaneous pathologies remains challenging without the use of invasive diagnostic tools. Objective: To present an advanced optical coherence tomography angiography (OCTA) method to directly visualize capillary-level vascular and structural features within skin in vivo. Methods: An advanced OCTA system with a 1310 nm wavelength was used to image the microvascular and structural features of various skin conditions. Subjects were enrolled and OCTA imaging was performed with a field of view of approximately 10 Â 10 mm. Skin blood flow was identified using an optical microangiography (OMAG) algorithm. Depth-resolved microvascular networks and structural features were derived from segmented volume scans, representing tissue slabs of 0-132, 132-330, and 330-924 mm, measured from the surface of the skin. Results: Subjects with both healthy and pathological conditions, such as benign skin lesions, psoriasis, chronic graft-versus-host-disease (cGvHD), and scleroderma, were OCTA scanned. Our OCTA results detailed variations in vascularization and local anatomical characteristics, for example, depth-dependent vascular, and structural alterations in psoriatic skin, alongside their resolve over time; vascular density changes and distribution irregularities, together with corresponding structural depositions in the skin of cGvHD patients; and vascular abnormalities in the nail folds of a patient with scleroderma. Conclusion: OCTA can image capillary blood flow and structural features within skin in vivo, which has the potential to provide new insights into the pathophysiology, as well as dynamic changes of skin diseases, valuable for diagnoses, and non-invasive monitoring of disease progression and treatment. Lasers Surg. Med. 50:183-193, 2018.
INTRODUCTION
Current knowledge concerning the organization of cutaneous vasculature emerged in the last forty years [1] , showing skin vascular networks organized into upper-(superficial dermis, 1-1.5 mm) and lower horizontal plexuses (dermal-subcutaneous junction, 2-3 mm). Cutaneous microcirculation consists of ascending arterioles, capillary loops and venules, and is formed by the upper plexus within the dermal papillae [1, 2] . This superficial plexus supplies the epidermis and superficial dermis, and changes within such occur in numerous conditions, including psoriasis, scleroderma, and melanoma [3] [4] [5] [6] [7] [8] [9] [10] . Despite plausible relevance, however, the role of microvasculature in skin disease has remained largely unexplored due to a lack of detailed, non-invasive assessment methods. To date, few methods are capable of demonstrating 3D morphological features of cutaneous microcirculation in vivo [11] .
Here, we present optical coherence tomography angiography (OCTA), a novel method for visualizing superficial vascular plexus in situ, in real-time, at capillary-level resolution, and with a large field-of-view (FoV). The goals of this study are to present OCTA as a viable tool for clinical and research investigations of skin microvasculature, and to demonstrate microvascular and structural alterations that may be of clinical importance. OCTA combines a laser-based, non-invasive OCT imaging technology with an algorithm that contrasts the motion of red blood cells from static tissue [12, 13] . The principle of OCT is likened to that of ultrasound, but uses backscattered light in place of ultrasound waves [14, 15] . This method provides lateral and axial resolutions of $10 and 5 mm, respectively, and has a penetration depth of $2 mm. The FoV of an individual scan could reach 100 mm 2 , but more commonly, smaller scans of 9 mm 2 are mosaicked, allowing for the imaging of entire anatomical regions, such as the hand. Volumetric angiography with 3D architectural and morphological information, including vessel size and density, is constructed using OCTA technology. Here, the microvasculature of healthy tissue, benign lesions, and inflammatory conditions are shown.
METHODS

OCT Configuration
Here, we used a previously reported, swept source OCT (SS-OCT) system [16] . In short, a 200-kHz vertical-cavity surfaceemitting (VCSEL) swept laser source (SL1310V1-10048, Thorlabs Inc., Newton, NJ) provided light with a central wavelength of 1310 nm (IR range) and a spectral bandwidth of 100 nm. The scanning probe was configured as a hand-held device affixed with a spacer, within which a 5Â or 10Â objective lens (LSM03/LSM02, Thorlabs Inc.) focused a beam spot onto the skin with an incident power of 5 mW. The beam spot was scanned by a paired X-Y galvo scanner (6210H, Cambridge Technology, Bedford, MA), forming raster sampling patterns comprising fast (x-axis) and slow (y-axis) scans. The FoV was 40-100 mm 2 with a depth of $2 mm.
Subject Volunteers
Subjects with chronic sclerotic skin conditions (cGvHD and scleroderma) were diagnosed and referred by hematologists/oncologists from a hematopoietic cell transplant program, and rheumatologists, respectively, as patients were pre-or post-transplant. Subjects met diagnostic criteria for their respective diseases. Two subjects were recruited with cGvHD, and one subject was recruited with scleroderma. One psoriatic subject was recruited after being diagnosed by a dermatologist, and five, otherwise healthy, subjects were recruited after their benign skin lesions were identified. The study was conducted in accordance with a protocol approved by the Institutional Review Board of the University of Washington and informed consent was obtained from all subjects. The study followed the tenets of the Declaration of Helsinki and was conducted in compliance with the Health Insurance Portability and Accountability Act.
Image Acquisition
For scanning, the hand-held probe was positioned approximately perpendicular to the skin surface and mineral oil was used as a refractive index matching medium. Each visit comprised multiple scans, each taking $10 seconds; totaling $45 minutes. Figure 1A outlines how 3D OCT volume scans were acquired prior to further processing and enface projection. Conventionally, an A-scan takes a depth profile snapshot of a spatial position on the skin. Multiple A-scans are taken at consecutive positions along the fast axis to create a 2D cross-sectional (vertical) image, a B-scan. Multiple B-scans are taken at adjacent locations along the slow axis to form a 3D C-scan. The 3D C-scan is then processed post-collection using an in-house-developed algorithm that was designed to perform the functions of (i) signal normalization; (ii) motion-derived artifact removal; (iii) registration; and (iv) 2D enface projection of 3D datasets. Here, 800 A-scans produced a B-scan, and 800 B-scans produced a C-scan. Figure 1B shows a B-scan displaying static tissue structure. Blood flow within the skin is distinguished using an optical microangiography (OMAG) algorithm [17] . Simply, by taking multiple B-scans at a single location, four in this case, one can contrast movement from stationary tissue based on the light scattering properties of flowing red blood cells. Figure 1C shows the same B-scan from (B) overlaid with vascular information derived from OMAG. Figure 1D shows a 3D C-scan. Extracting the vascular information from each B-scan position allows for an enface image to be compiled displaying only functional blood vessels (Fig. 1E) . Equally, structural enface images can be created. To denote vessel depth within an enface projected image, color coding is applied (Fig. 1) .
Image Segmentation
To better visualize the skin's vascular and structural features, we segmented the 3D OCTA data into multiple horizontal slabs. This technique has been employed previously to visualize the various layers of the eye [18] [19] [20] , the skin [21, 22] , and the brain [23] . Figure 1D shows a 3D OCTA volume scan, or C-scan, segmented into three colored slabs. Each slab can be separated to visualize its vascular ( Fig. 1F-H ) or structural features (Fig. 1I-K) . Here, enface vascular images derived from segmented volume scans represent slabs of 0-132, 132-330, and 330-924 mm, measured from the surface of the skin, closely representing vessels innervating the dermal-epidermal junction, papillary dermis, and reticular dermis, respectively. Similarly, enface structure images were derived from these segmented slabs. The chosen slab depths best display the characteristic vascular and structural features of each tissue layer.
Additionally, for qualitative comparative purposes, both upper and lower epidermal boundaries were highlighted on each of the cross-sectional B-scans (Figs. 2-5 ). This was carried out using structural B-scans because on such crosssectional images, both boundaries are visible: the upper boundary is simply the surface of the skin, and lower boundary, that is, the epidermal-dermal junction (EDJ), is visible through a severe shift in contrast from one side of the boundary to the other.
RESULTS
Normal Skin
OCTA visualizes vasculatures from two separate layers of skin, the small capillaries of the superficial papillary dermis and the larger vessels of the deeper reticular dermis [21, 24] . Figure 2A and B show vasculatures from normal skin. The depth-specific color coding shows homogenous horizontal vessel distribution despite depthdependent vessel density changes. Figure 2C shows vasculature of a healthy nail unit, where vascular changes coincide with structural features, that is, nail fold, nail bed, and surrounding skin. The capillary loops of the proximal nail fold appear aligned compared to random distribution within the adjacent skin, and vessels in the nail bed appear more aligned along its leading edge. This is evidence that vascular traits and tissue structures are invariably linked. 
Pathological Skin Conditions
Also shown in Figure 2 are two benign skin lesions, blue nevus, and achrocordon. In both cases, vessel density, distribution, and alignment differ from the surrounding skin ( Fig. 2E and I ). In Figure 2D and E, vessel orientation surrounding the blue nevus is aligned with topography, while vessel density within the blue nevus is reduced and orientated haphazardly. In the achrocordon, vessels are oriented centrally in a somewhat "starburst" pattern ( Fig. 2H and I) . Figure 2F , G, J, and K are B-scans correlating with the upper and lower regions of their adjacent vascular images. Demonstrated are variations in structural features, such as epidermal and dermal thickness, within the lesions. The epidermal layer of each B-scan has been outlined because epidermal thickness, in particular, has been shown to vary significantly between anatomic sites [25, 26] . Such structural features would be invisible to other non-invasive imaging modes, such as dermoscopy or capillaroscopy [27, 28] . Biopsies can be used but these are invasive and the preparatory steps required for histopathology can distort the skin's morphology leading to inaccurate estimations [29] . OCTA does not suffer from such constraints. Figure 3A and J show images of a psoriatic plaque taken 2 months apart. The first, (A), is an active plaque, and the second, (J), is the same plaque resolved. Increased vascular density that follows the topology of the plaque is seen in (A), which then subsides as the plaque resolves in (J). Figure 3E and F show epidermal thickening within the active plaque, correlating with the increase of vascular density, and epidermal acanthosis seen histologically [30, 31] . Epidermal thickness outside the plaque remains unchanged. Additionally, the increased structural brightness in the dermal region under the active plaque has been associated with increased dermal collagen deposition [32] . Figure 3N and O show little structural variation between them suggesting that alongside vasculature, structural features are also normalizing [33] . (Fig. 3B-D) demonstrates vascular density and distribution changes predominantly located in the second slab, the papillary dermis. Figure 3K -M show resolution of these vascular changes. The plaque's structural information was also segmented. The papillary dermis (Fig. 3H and Q) shows the greatest variation between active disease and resolution, with highly organized structures thought to be aligned collagen fiber bundles orientated along the same plane as the superficial plexus. The voids between the bundles appear enlarged beneath the active plaque (Fig. 3H) , coinciding with a deposition in the deeper reticular dermis (Fig. 3I ), suspected to be increased dermal collagen production. Both features resolve in Figure 3Q and R, respectively.
Psoriasis
Cutaneous cGvHD
Cutaneous cGvHD occurs in approximately half of patients who undergo allogeneic hematopoietic stem cell transplantation [34] and is typically assessed using histopathology [35, 36] . Non-invasive imaging modalities, such as capillaroscopy, have been used to investigate cutaneous GvHD, with conflicting results [37, 38] deeming it unsuitable [39] . High frequency ultrasound technology has also been used, but results were mixed for skin thickness measurements [40, 41] . A more robust imaging tool, such as OCTA, may be a more suitable candidate. Figure 4 shows vasculatures in the hands of a cGvHD patient. Shown is a stark contrast in vascular features, such as density and distribution, between areas [1] and [2] on both hands, (A) versus (B) and (G) versus (H). Below each of the enface vascular images are B-scans corresponding to the perforated lines in each enface image. Figure 4C and E show subtle structural differences correlating with variations in vascular density. The lower region has a denser vasculature and a correspondingly bright structure beneath the dense vasculature (highlighted by the perforated green line in (E)). Figure 4B shows a heterogeneous vessel distribution correlating with structural features identified in Figure 4D and F. Figure 4D shows two bright deposits immediately below the epidermis (highlighted by the green perforated lines in (D)). The larger deposit corresponds with a compressed epidermis and both deposits correspond with an increased dermal reflectivity, which has been linked with epidermal hyperplasia and dermal edema [42, 43] (highlighted by the red and light blue lines, respectively, in (D)). All three features correlate with subtle changes in vascular distribution. Figure 4G shows decreased vessel density to one side. Figure 4K shows increased brightness correlating with vessel density changes (highlighted by the perforated green line in (K)). Figure 4H shows significant vessel density and distribution differences between upper and lower regions. Increased vessel density correlates with increased structural brightness and dermal reflectivity (highlighted by the perforated green line and light blue line, respectively), seen in Figure 4L .
Similar findings were seen in the foot of another cGvHD patient (Fig. 5) . Enface vascular images and Bscans show similar decreases in vessel density and structural features corroborating those of Figure 4 . Additionally, structural slabs show a bright deposition correlating with the vascular void. Complementary to those is an additional vascular feature observed at three different anatomic sites on a separate cGvHD patient (Fig. 6) . Figure 6A -C show numerous yellow dots, which are small circular vascular outpouchings resembling microaneurysms. This phenomenon is absent in equivalent sites of healthy skin (Fig. 6D-F) .
Systemic Sclerosis (SS)
In systemic disease where vascular damage is a pathological factor, microcirculatory abnormalities often precede clinical symptoms, reflecting the involvement of internal organs [44] . Cutaneous manifestations of systemic sclerosis (SS or scleroderma) are commonly associated with microvascular changes in the skin, previously visualized with capillaroscopy [45, 46] . Microvascular injury is thought to precede the development of fibrotic tissue in SS [39] . Figure 7 compares the proximal nail folds of a healthy individual and a patient with SS. Figure 7B and C highlight vascular abnormalities commonly associated with SS, and while each vascular abnormality may be present in SS at any one time, they appear and evolve in a clearly defined sequence called the "scleroderma pattern" [47] . Typically, enlarged capillaries and small capillary voids (Fig. 7B ) are early and active stage indicators, respectively, and angiogenic capillaries (Fig. 7C) are late stage indicators [47] . Additionally, crosssectional structural images, Figure 7D -F, correspond to the perforated lines in (A-C), respectively. The middle finger, Figure 7B and E, shows little structural deformation other than an enlarged cuticle [48] . The index finger, Figure 7C and F, shows abnormalities in the nail plate, nail matrix, and proximal nail fold.
DISCUSSION
In healthy skin absent of lesions, vascular distribution appears homogenous, corroborating with previous OCT studies [28, 49] ; however, in the presence of benign lesions, capillary loops form symmetrical annular networks that mirror topological structures. The dermal location of these capillary networks is inferred by dermal layer thickening, as seen in B-scan structural images. In inflammatory skin conditions, such as psoriasis and cGvHD, we saw an increased vascular density at active sites, potentially reflecting vessel recruitment and increased metabolic demand during inflammation. The role of microvasculature in psoriasis was noted by Braverman et al. [50, 51] , who visualized dilated capillaries with bridged fenestrations (leaky endothelial gaps) in psoriatic lesions. Additionally, the leaky endothelial gaps resolved with treatment, preceding clinical resolution of the plaques [51] . Here, we demonstrated the normalization of tortuous capillary loops coinciding with resolution of a psoriatic plaque. A future investigation should ask whether such microvascular changes precede epidermal hyperplasia or visible manifestations.
Monitoring of cGvHD progression has been proven difficult with numerous techniques; however, OCTA offers an opportunity to monitor both the microvascular and structural alterations associated with this disease. We can potentially identify those who need immunosuppression and those who do not. In SS, we have shown similar findings to that of capillaroscopy [52, 53] , identifying enlarged capillary loops or microaneurysms and capillary voids. These findings are clinically relevant as they are thought to precede clinical symptoms and point to the potential involvement of visceral organs in SS. Further investigation into the relationship between these microvascular changes and clinical findings is warranted. As OCTA can also determine dermal thickness, it may be of potential use, not only for monitoring disease progression and severity in SS, but also cutaneous morphea/localized scleroderma.
Although not demonstrated here, functional information, such as blood flow rate, can also be provided by OCTA [54] . A number of studies have used OCT to measure vessel diameter and density [55, 56] , tortuosity [57] , and others, further adding to the appeal of OCTA technology for use in a wide variety of clinical and research settings.
While the focus of this study has been primarily centered around elucidating the potential benefits of OCTA for clinical dermatology, the study itself and the technology used are not without room for refinement. The study was designed to introduce a state-of-the-art, but continually evolving technology; therefore, the data presented here is preliminary. It is acknowledged that a larger cohort and supplementary analyses would be needed should solid conclusions be drawn. Additionally, the technology used is a prototype intended for research purposes. Should a more permanent position be found for this technology in a clinical setting, additional efforts would have to be placed on augmenting portability and ease of use. How data is extracted and presented would also require further work. Data processing and image acquisition is currently a post-scanning, multi-step process; however, an end goal would be to streamline procedures to the point where clinicians could make accurate, real time assessments simply, without compromising on detail or volume of gatherable information.
In conclusion, to our knowledge few technologies allow simultaneous in vivo 3D microvascular and structural imaging. The data gathered in this study demonstrate with different pathologies, specific microvascular changes that occur, which are relevant to the progression and resolution of the disease. OCTA technology within a clinical or research setting may prove beneficial in elucidating the relationship between microvascular alterations and pathology.
